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REGULAR ARTICLE
Imetelstat, a telomerase inhibitor, is capable of depleting myeloﬁbrosis
stem and progenitor cells
Xiaoli Wang,1 Cing Siang Hu,1 Bruce Petersen,1 Jiajing Qiu,1 Fei Ye,2 Jane Houldsworth,1 Kevin Eng,3 Fei Huang,4 and Ronald Hoffman1
1Division of Hematology/Medical Oncology/Pathology, Department of Medicine, The Tisch Cancer Institute, Myeloproliferative Neoplasms Research Consortium, Icahn
School of Medicine at Mount Sinai, New York, NY; 2New York Medical College, Valhalla, NY; 3GRAIL Inc., Menlo Park, CA; and 4Janssen Research & Development LLC,
Raritan, NJ
Key Points
• Imetelstat induces apo-
ptosis of MF but not
normal stem/progenitor
cells.
• Imetelstat is capable of
selectively depleting
MF stem/progenitor
cells.
Clinical trials of imetelstat therapy have indicated that this telomerase inhibitor might have
disease-modifying effects in a subset of patients with myeloﬁbrosis (MF). The mechanism by
which imetelstat induces such clinical responses has not been clearly elucidated. Using in
vitro hematopoietic progenitor cell (HPC) assays and in vivo hematopoietic stem cell (HSC)
assays, we examined the effects of imetelstat on primary normal and MF HSCs/HPCs.
Treatment of CD341 cells with imetelstat reduced the numbers of MF but not cord blood
HPCs (colony-forming unit–granulocyte/macrophage, burst-forming unit–erythroid, and
colony-forming unit–granulocyte/erythroid/macrophage/megakaryocyte) as well as MF but
not normal CD341ALDH1 cells irrespective of the patient’s mutational status. Moreover,
imetelstat treatment resulted in depletion of mutated HPCs from JAK2V617F1 MF patients.
Furthermore, treatment of immunodeﬁcient mice that had been previously transplanted
with MF splenic CD341 cells with imetelstat at a dose of 15 mg/kg, 3 times per week for
4 weeks had a limited effect on the degree of chimerism achieved by normal severe combined
immunodeﬁciency repopulating cells but resulted in a signiﬁcant reduction in the degree of
humanMF cell chimerism aswell as the proportion of mutated donor cells. These effects were
sustained for at least 3 months after drug treatment was discontinued. These actions of
imetelstat on MF HSCs/HPCs were associated with inhibition of telomerase activity and the
induction of apoptosis. Our ﬁndings indicate that the effects of imetelstat therapy observed in
MF patients are likely attributable to the greater sensitivity of imetelstat against MF as
compared with normal HSCs/HPCs as well as the intensity of the imetelstat dose schedule.
Introduction
Primary myelofibrosis (PMF) as well as post essential thrombocythemia (ET) or polycythemia vera (PV)
related myelofibrosis (MF) are characterized by profound structural remodeling of the marrow,
megakaryocytic hyperplasia and dysplasia, marrow fibrosis, cytopenias, splenomegaly because of
extramedullary hematopoiesis, and disabling systemic symptoms. Advanced forms of each form of MF are
associated with limited survival. Approximately 90% MF patients harbor mutations in either JAK2 (58%),
calreticulin (CALR, 25%), or myeloproliferative leukemia virus oncogene (MPL, 7%), which each activate
JAK-STAT signaling.1-3 MF originates at the level of the hematopoietic stem cell (HSC).4 Except for
allogeneic HSC transplantation, however, currently available therapies including the JAK1/2 inhibitor
ruxolitinib do not eliminate MF HSCs.
Telomerase is a ribonuclear protein complex made up of a reverse transcriptase catalytic protein subunit
(human telomerase reverse transcriptase [hTERT]), an RNA template (hTR), and additional specialized
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bloodadvances.2018022012.
The full-text version of this article contains a data supplement.
© 2018 by The American Society of Hematology
2378 25 SEPTEMBER 2018 x VOLUME 2, NUMBER 18
proteins (eg, dyskerin) that act in concert to extend the length of
telomeres.5-7 Telomerase is transiently activated in normal stem and
progenitor cells but is inactive in mature somatic cells that make up the
vast majority of human tissues. Telomerase has, however, been shown
to be activated in most cancer cells, irrespective of tumor type.8,9
Imetelstat is a 13-mer oligonucleotide complimentary to the template
region of the telomerase RNA component. It binds with high affinity to
the template region of the RNA component of telomerase, resulting in
direct, competitive inhibition of telomerase enzymatic activity. Pre-
clinical studies have indicated that imetelstat inhibits telomerase
activity (TA) and cell proliferation of several cancer cell lines and
human tumors in mouse xenograft models.10-17 Moreover, imetelstat
also inhibits proliferation and induces apoptosis of cancer stem
cells.18,19 Imetelstat has been evaluated in phase 1 and 1/2 clinical
trials in patients with solid tumors (eg, breast and lung cancer)20,21
and hematologic malignancies (eg, chronic lymphoproliferative
diseases,22 refractory and relapsed multiple myeloma,23 and
myeloproliferative neoplasms [MPN]).24,25 Although in the majority
of these studies imetelstat has failed to show meaningful clinical
activity, phase 2 studies have demonstrated that imetelstat can
elicit hematologic and molecular responses in patients with ET
who are intolerant or unresponsive to prior standard therapies.24
Moreover, an additional clinical trial in MF patients revealed that
imetelstat therapy could achieve complete clinical remissions in
some patients using well-established clinical criteria.25 Treatment
with imetelstat led to the reversal of bone marrow (BM) fibrosis
and induction of morphologic and molecular remissions in some
patients with MF.25 These results suggest that imetelstat has
disease-modifying activity. The precise mechanism by which imetel-
stat induces such responses in MPN patients has been poorly
defined to date. In this report, we investigated whether imetelstat
selectively targets MF HSCs and hematopoietic progenitor cells
(HPCs).
Materials and methods
Drugs
Imetelstat sodium (GRN163L) is a 59 palmitoylated 13-mer
thiophosphoramidate oligonucleotide composed of the sequence
59‐TAGGGTTAGACAA‐39. Mismatched oligonucleotide (MM) is
a 59 palmitoylated 13‐mer thiophosphoramidate oligonucleotide
composed of the sequence 59‐TAGGTGTAAGCAA‐39. Both
compounds were provided initially by Geron Corporation (Menlo
Park, CA) and subsequently by Janssen Research & Development
LLC (Raritan, NJ).
Patient specimens and cell preparation
All patients signed informed consents approved by the Institutional
Review Board of the Icahn School of Medicine at Mount Sinai
(ISMMS). Single-cell suspensions were prepared according to
the method of Barosi et al26 from the surgically removed spleens of
13 patients (supplemental Table 1, patients [Pts] 1-10, 16-18) with
advanced forms of MF requiring therapeutic splenectomy. The
characteristics of these patients and their clinical outcomes have
been previously reported.27 peripheral blood (PB) was collected from
5 patients (supplemental Table 1, Pts 11-15) with PMF or PV/ET-
related MF who fulfilled World Health Organization diagnostic
criteria.28 The JAK2, CALR, and MPL mutational status1,29-31 of
each of these patients is shown in supplemental Table 1. Cord
blood (CB) collections were provided by the New York Blood
Center. CD341 cells were selected from mononuclear cells using
a CD341 cell selection kit (StemCell Technologies, Vancouver,
BC, Canada). CD341 cells with a purity of $90% as analyzed
using a FACSCanto Flow Cytometer (BD, Franklin Lakes, NJ)
were used in each experiment.
Treatment of MF and normal CD341 cells
with imetelstat
MF or CBCD341 cells (2.53 104/mL) were incubated in serum free
expansion medium (StemCell Technologies) supplemented with
50 ng/mL stem cell factor, 100 ng/mL FLT-3 ligand, 100 ng/mL
thrombopoietin, and 50 ng/mL interleukin-3 (Gemini Bio-Products,
West Sacramento, CA) in the presence of imetelstat or MM (1.8 mM,
3.75 mM, 7.5 mM) or vehicle alone. Seven days after the treatment,
the numbers of cells were enumerated and stained with CD34 and a
lineage cocktail monoclonal antibodies (mAbs). Moreover, aldehyde
dehydrogenase (ALDH) activity of cells harvested was assessed
using an Aldefluor kit (StemCell Technologies) according to the
manufacturer’s recommendations, followed by staining with a CD34
mAb. All antibodies were purchased from Becton Dickinson (BD)
Biosciences (San Diego, CA). Data were acquired using a
FACSCanto II Flow Cytometer (BD). Two days after the treatment
with imetelstat or MM (7.5 mM), the percentage of CD341 cells
undergoing apoptosis was determined as previously described.32
HPC assays
A fraction of cells harvested from the previous cultures were also
analyzed in methylcellulose to which a cytokine cocktail was added
according to the manufacturer’s instructions (StemCell Technolo-
gies). The numbers of colonies were enumerated after 12 to
14 days of incubation. Individual colony-forming unit–granulocyte/
macrophage (CFU-GM) colonies (14-31 colonies per treatment
group per patient) were plucked and analyzed for the presence
of JAK2V617F using a nested allele-specific polymerase chain
reaction (PCR).33 The percentage of JAK2V617F1 CFU-GM was
then determined.
Treating NOD/SCID/IL2Rgnull (NSG) mice
transplanted with normal or MF splenic CD341 cells
directly with vehicle alone, MM, or imetelstat
NSG mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). All experiments were approved by the Animal Care
Committee of ISMMS. Initially, in order to identify the dose of
imetelstat that was tolerated by NSGmice and that minimally affected
the behavior of normal CD341 cells, CB CD341 cells from 8 to 10
donors were pooled and were transplanted (53 105 per mouse) via
the tail vein into 8- to 9-week-old sublethally irradiated (240 cGy)
NSG mice. These mice were then injected a week after trans-
plantation intraperitoneally with 5, 15, and 30 mg/kg of imetelstat or
MM thrice weekly for 4 to 8 weeks. Two to 3 months after the
discontinuation of imetelstat or MM administration, the mice were
euthanized and the cells were recovered from the BM of the femurs,
tibias, and humeri. The presence of human (h) CD451, CD141,
CD331, CD41a1, CD191, CD31, and CD341 cells was determined
by mAb staining and flow cytometric analysis.
In order to examine the effects of imetelstat on MF HSCs, MF splenic
CD341 cells (3 3 105 to 5 3 105 per mouse, n 5 3) that had
previously been shown to achieve significant degrees of human cell
chimerism 4 months after their transplantation into NSG mice were
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used. CD341 cells from these spleens were transplanted into NSG
mice and after a week were treated with imetelstat or MM at the dose
of 15 mg/kg for 4 weeks. Three months after the discontinuation of
drug treatment, the presence of cells belonging to various human
hematopoietic cell lineages in the BMs of recipient mice was
quantitated as described previously. In addition, the hCD451 cells in
the BM of the recipient mice were selected using a FACSAria cell
sorters (BD). The percentage of JAK2V617F/JAK2total present in the
genomic DNA of selected hCD451 cells from the mice receiving
splenic CD341 cells from a patient with a granulocyte JAK2V617F
allele burden of 85.1% was determined using a quantitative real-time
(RT)–PCR with an allelic discrimination method.30,31 We considered
human engraftment to have occurred in NSG mice if hCD451 cells
were present at $0.1% of the nucleated cells in murine BM.
TA assays and telomere length analysis
A quantitative telomerase detection kit (QDT, Allied Biotech, Inc.,
Benicia, CA) was used to measure TA according to the
manufacturer’s instructions which were detailed in the supplemental
Methods. For analysis of telomere length, a flow-fluorescence in situ
hybridization (Flow-FISH) was performed with a Telomere PNA
Kit/FITC for Flow Cytometry (Agilent, Santa Clara, CA) (see
supplemental Methods).
Statistical analysis
Results are reported as the mean 6 standard deviation. Statistical
significance was determined using a 2-tailed Student t test. AllP values
were 2 sided, and P , .05 was considered significant.
Results
Imetelstat inhibits the proliferation and
differentiation of MF but not normal CD341 cells
Similar numbers of Lin2CD341 cells (Figure 1A) and assayable HPCs
(CFU-GM 1 burst-forming unit–erythroid [BFU-E] 1 colony-forming
unit–granulocyte/erythroid/macrophage/megakaryocyte [CFU-GEMM];
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Figure 1. Imetelstat inhibits the proliferation of MF stem and
progenitor cells but has limited effects on their normal
counterparts. Normal CB (A-C) or MF (D-F) CD341 cells were
treated with cytokines alone or cytokines plus increasing doses of an
MM or imetelstat (Ime) for 7 days. Cells generated were phenotypi-
cally characterized and were assayed for HPCs. The percentage of
the absolute number of Lin2CD341 cells (A,D), all classes of
assayable HPCs (B,E), as well as CD341 cells with ALDH activity (C,F)
generated in the cultures of normal or MF CD341 cells exposed to
cytokines plus MM or cytokines plus Ime relative to that generated in
the cultures exposed to cytokines alone are shown. CB: 1.8 mM and
3.75 mM: n 5 4; 7.5 mM: n 5 6. P all . .05, MM vs Ime at each
dose. MF: *P , .05, **P , .01, ***P , .001, MM vs Ime. n 5 14
(9 splenic MF and 5 PB MF).
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Figure 1B) were generated when CB CD341 cells were cultured
for 7 days with cytokines alone or cytokines plus increasing doses
of either imetelstat or MM (1.8 mM, 3.75 mM, 7.5 mM) (P all . .05).
We also assessed the effect of imetelstat on normal CD341 cells
expressing ALDH activity. ALDH activity was used as a surrogate
marker for primitive HSCs.34-37As shown in Figure 1C, similar
numbers of CD341 cells expressing ALDH activity were produced
under each of the culture conditions evaluated. By contrast, the
treatment of MF CD341 cells with 7.5 mM imetelstat led to a
significant reduction in the numbers of Lin2CD341 cells, HPCs
(CFU-GM 1 BFU-E 1 CFU-GEMM) and CD341ALDH1 cells as
compared with MF cells treated with an equal dose of MM
(Figure 1D-F). These findings suggest that MF CD341 cells are
more sensitive to the inhibitory actions of imetelstat than normal
CD341 cells.
Inhibitory effects of imetelstat on MF CD341 cells
are independent of JAK2V617F or CALR
mutational status
Tefferi et al25 suggested that the clinical response to imetelstat
therapy occurred exclusively in MF patients who were JAK2V617F1.
We, however, demonstrated that the inhibitory effects of imetelstat
in vitro were independent of the MF patient’s driver mutational
status (supplemental Figure 1).
Effect of imetelstat treatment on malignant MF HPCs
To assess the effect of imetelstat on malignant MF HPCs, individual
colonies cloned from cells generated from CD341 cells from
6 individual JAK2V617F1 MF patients (JAK2V617F allele burden:
25% to 90%) treated with cytokines alone or cytokines plus
imetelstat or MM (7.5 mM) were plucked and genotyped. Imetelstat
treatment did not affect the percentage of JAK2V617F1 colonies
generated when 100% of the colonies contained the mutated form
of JAK2 (Table 1). In 3 of 4 patients, however, who had a reservoir of
wild-type JAK2 colonies prior to treatment, exposure to imetelstat
reduced the percentage of total JAK2V617F1colonies and homo-
zygous JAK2V617F1 colonies (Table 1). Moreover, imetelstat
treatment reduced the absolute number of total JAK2V617F1 colonies
by 45.8 6 22.5% (P 5 .08) and the absolute number of homozygous
JAK2V617F1 colonies by 53.6 6 19.3% (P , .05) (Figure 2). These
data suggest that imetelstat treatment is capable of depleting
malignant HPCs from a subset of JAK2V617F1 MF patients.
Effects of treatment with imetelstat on normal NSG
repopulating cells (SRCs)
We next examined the effect of imetelstat on normal HSCs by
directly treating NSG mice transplanted with CB CD341 cells
with vehicle alone, imetelstat, or MM 1-week posttransplantation.
In Figure 3A, representative FACS plots showing hCD451 and
hCD341 cells generated in the marrow of recipient mice receiving
the same CB graft treated with vehicle alone, imetelstat, or MM
each at 15 mg/kg are shown. To more accurately assess the effect
of imetelstat on normal HSCs, we calculated the absolute number
of hCD451 and hCD341 cells present in the marrow of the
recipient mice by multiplying the total number of marrow cells
harvested from 2 tibias, 2 femurs, and 2 humeri by the percentage
of hCD451 and hCD341 cells detected, respectively. As shown
in Figure 3B, 3 months after the completion of the 4 weeks of
treatment, the mice transplanted with CB CD341 cells and treated
Table 1. Effect of imetelstat on genotype of hematopoietic colonies (CFU-GM) assayed from MF CD341 cells
Cytokines 1 vehicle Cytokines 1 MM (7.5 mM) Cytokines 1 Ime (7.5 mM)
% JAK2V617F % Homozygous JAK2V617F % JAK2V617F % Homozygous JAK2V617F % JAK2V617F % Homozygous JAK2V617F
Pt 5 38 (6/16)* 31 (5/16) 56 (15/27) 52 (14/27) 9 (2/23) 0 (0/23)
Pt 6 100 (27/27) 89 (24/27) 100 (22/22) 82 (18/22) 100 (30/30) 97 (29/30)
Pt 7 64 (9/14) 36 (5/14) 72 (13/18) 22 (4/18) 60 (12/20) 20 (4/20)
Pt 8 100 (20/20) 80 (16/20) 100 (21/21) 90 (19/21) 100 (11/11) 73 (8/11)
Pt 12 63 (19/30) 37 (11/30) 80 (20/25) 56 (14/25) 82 (25/31) 39 (12/31)
Pt 13 96 (25/26) 81 (21/26) 86 (19/22) 68 (15/22) 70 (14/20) 50 (10/20)
Individual colonies (CFU-GM) from 6 JAK2V617F1 MF patients (JAK2V617F allele burden: 25%-90%) treated with cytokines alone or cytokines plus imetelstat or MM (7.5 mM) were
plucked and genotyped for the JAK2V617F. In 3 of 4 patients (Pts 5, 7, 12, 13) having a reservoir of wild-type JAK2, imetelstat treatment reduced the percent of JAK2V617F 1 colonies and
percent of homozygous JAK2V617F 1 colonies generated.
*The numbers in parentheses denote the actual number of total JAK2V617F1 or homozygous JAK2V617F1 CFU-GM/the total numbers of CFU-GM plucked and genotyped.
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Figure 2. Imetelstat treatment leads to depletion of malignant HPCs. The
absolute number of total JAK2V617F1 and homozygous JAK2V617F1 CFU-GM
was calculated by multiplying the total number of CFU-GM by the fraction of
JAK2V617F1 or homozygous JAK2V617F1 CFU-GM (Table 1) generated in
cultures of JAK2V617F1 splenic or PB MF CD341 cells treated with cytokines
alone or cytokines plus MM or Ime (7.5 mM) for 7 days. The percentage of the
absolute number of total JAK2V617F1 and homozygous JAK2V617F1 CFU-GM
generated in cultures of treated with cytokines plus Ime relative to that generated in
cultures treated with cytokines plus MM is shown. n 5 4. &P 5 .08, *P 5 .03.
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with MM at each dose tested did not exhibit a decrease in
the degree of hCD451 marrow cell chimerism. However, treat-
ment with 15 mg/kg imetelstat led to a modest reduction in
the number of hCD451 cells (20.9 6 20.4% vs vehicle alone;
40.4 6 28.7% vs MM). A slightly greater reduction was associated
with the 30 mg/kg dose of imetelstat administration. The numbers
of hCD341 cells were only reduced in mice treated with imetelstat
at the highest dose studied (30 mg/kg) (10.8 6 7.0% vs the
equal dose of MM and 38.0 6 9.7% vs vehicle alone) (Figure 3C).
These findings indicate that imetelstat treatment can affect normal
hematopoiesis in a dose-dependent fashion. In addition, as shown
in supplemental Figure 2, the absolute number of hCD451CD41a1
megakaryocytes in the mice receiving 30 mg/kg imetelstat was
reduced by 50.0% to 78.7% and 18.2% to 42.0% as compared
with mice receiving vehicle alone and the same dose of MM in 2
of the 3 normal CD341 cell samples transplanted, respectively.
We next assessed whether prolonged treatment with imetelstat
would lead to greater inhibition of normal HSCs. Treatment of
the mice transplanted with normal CD341 cells with 15 mg/kg
imetelstat for 8 weeks resulted in a 15.4 6 6.6% reduction in the
number of hCD341 cells, which was not observed after 4 weeks
of treatment (Figure 3E). Additionally, a greater reduction in the
degree of hCD451 cell chimerism and the number of hCD341
cells was not observed with more prolonged treatment with
the 30 mg/kg imetelstat dose (Figure 3D-E). The higher doses
of imetelstat, however, led to a 9.0% to 15.6% reduction in
body weight, which started as early as 3 days after the
treatment (supplemental Figure 3). Moreover, prolonged treat-
ment with higher doses of either imetelstat or MM (30 mg/kg) was
associated with a significant reduction in spleen weights at
the time the mice were euthanized as compared with the spleens
from mice treated with vehicle alone (supplemental Figure 5).
In order to limit the effects of imetelstat on the normal HSCs
and the adverse effects on the recipient mice observed with
the higher doses of the drug, we chose the 4 weeks, 15 mg/kg
dose of imetelstat to treat mice transplanted with MF CD341
cells.
Inhibitory effects of imetelstat treatment on MF SRCs
We next examined the effect of treatment with imetelstat at the dose
of 15 mg/kg on MF HSCs for 4 weeks. As shown in Figure 4A,
3 months after the administration of imetelstat, the degree of hCD451
cell chimerism in the marrow of recipient mice transplanted with
splenic CD341 cells isolated from Pt 5 was reduced as compared
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Figure 3. Imetelstat treatment has modest effects on normal SRCs. (A) Representative fluorescence-activated cell sorter (FACS) plots showing hCD45 cell chimerism
and hCD341 cells generated in the marrow of NSG mice receiving the same CB CD341 cells treated with vehicle alone, MM, or Ime (15 mg/kg). (B-E) The absolute number
of hCD451 and hCD341 cells generated in the marrow of NSG mice 4 months after the transplantation of normal CB CD341 cells. One week after the transplantation, the
recipient mice were treated with vehicle alone, MM (5-30 mg/kg), or Ime (5-30 mg/kg) for 4 weeks (B-C) or 8 weeks (D-E). The absolute number of hCD451 and hCD341
cells was calculated by multiplying the total number of marrow cells (cells harvested from 2 tibias, 2 femurs and 2 humeri) by the percent of hCD451 and hCD341 cells,
respectively. The data were presented as the percentage of the absolute number of hCD451 and hCD341 cells present in the marrow of recipient mice treated with MM or
Ime relative to that detected in the mice treated with vehicle alone. Three samples of pooled CD341 cells from 8 to 10 CB donors were transplanted. P all . .05, MM vs Ime
at each dose. Two independent experiments were performed for each sample.
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with treatment with MM or vehicle alone. Moreover, depletion of
hCD341 cell numbers was also achieved with imetelstat treatment
(Figure 4A). As shown in Figure 4B, imetelstat treatment resulted in a
significant reduction in the absolute number of hCD451 cells in the
marrow of mice transplanted with cells from each of 3 patients studied
(P , .05, Ime vs MM; P , .001, Ime vs vehicle alone). A reduction in
the absolute number of hCD341 cells in transplantedmice treated with
imetelstat was also observed (Figure 4C; P 5 .14, Ime vs MM;
P , .001, Ime vs vehicle alone). Such treatment only resulted in a
modest reduction in body weight of mice receiving splenic CD341
cells in 1 of the 3 patients studied (supplemental Figure 4).
Furthermore, only BMCs from primary recipient mice transplanted
with the sameMF grafts that were treated alone with vehicle alone or
MM but not imetelstat were capable of reconstituting donor
derived hematopoiesis in the secondary recipient NSG mice
(Figure 4D-E), indicating that that MF HSCs were eliminated for a
sustained period of time by in vivo imetelstat treatment. Furthermore,
imetelstat treatment decreased the JAK2V617F allele burden of
hCD451 cells isolated from the marrow of primary recipient mice
receiving grafts from Pt 8 who was JAK2V617F1 (JAK2V617F allele
burden: vehicle alone: 95.3%, MM: 68.9%, Imetelstat: 43.3%).
These data suggest that imetelstat is capable of selectively
eliminating MF HSCs but sparing their normal counterpart. In the
other 2 patients studied there were not identifiable mutations
available to assess the effects of imetelstat on the mutant allele
burden.
Mechanisms underlying the inhibitory effects of
imetelstat treatment on MF CD341 cells
Telomerase expression and activity of normal and
splenic MF CD341 cells. Because the proposed direct
cellular target of imetelstat is telomerase, we assessed if on-
target effects were actually responsible for the observed effects
of imetelstat on MF HSCs/HPCs. As shown in Figure 5A-B,
hTERT was expressed at similar levels in primary MF splenic and
normal CD341 cells. As the enzymatic activity of telomerase
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Figure 4. Imetelstat is capable of eliminating MF SRCs. (A) Representative FACS plots showing hCD45 cell chimerism and hCD341 cells detected in the marrow of
NSG mice receiving the same MF splenic CD341 cells treated with vehicle alone, MM, or Ime (15 mg/kg). (B-C) The absolute number of hCD451 and hCD341 cells
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percentage of the absolute number of hCD451 and hCD341 cells detected in the marrow of secondary recipient mice receiving the BMCs harvested from primary
recipient mice receiving Pt 5 splenic CD341 cells treated with MM or Ime (15 mg/kg) relative to mice receiving same graft but treated with vehicle alone. (E) Absolute
number of hCD451 and hCD341 cells generated in the marrow of the secondary recipient mice. Half of the BMCs collected from each primary recipient mouse receiving
grafts from Pt5 were injected via the tail vein into a secondary recipient mouse and BMCs from the secondary recipient mouse were then harvested 2 months after the
transplantation. Only BMCs from primary recipient mice transplanted with grafts from Pt5 that were treated alone with vehicle alone or MM but not imetelstat were able to
reconstitute the secondary recipient NSG mice. BMCs, BM cells.
25 SEPTEMBER 2018 x VOLUME 2, NUMBER 18 A TELOMERASE INHIBITOR DEPLETES MF STEM CELLS 2383
depends on both hTERT and its RNA template component, we
used a PCR-based assay to measure TA in primary MF splenic
and normal CD341 cells. A difference in TA between MF and
normal CD341 cells was not observed (Figure 5C). However,
telomere length analysis using Flow-FISH revealed that normal
HSCs (CD341CD382) and more differentiated progenitors
(CD341CD381) had longer telomeres than the corresponding
MF cell populations (Figure 5D). We next evaluated TA present in
MF and normal CD341 cells following exposure to imetelstat or
MM and showed that treatment with imetelstat alone resulted in
a significant decrease in TA in MF (Figure 5E) but not normal
CD341 cells (Figure 5F) relative to treatment with MM, indicating
that the inhibitory effect of imetelstat on MF HSCs/HPCs was
mediated by the inhibition of TA.
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Figure 5. Telomerase expression and activity of normal and
splenic MF CD341 cells. (A) The protein level of hTERT in primary
splenic MF and normal CD341 cells was determined by western
blotting with an antibody raised against the hTERT. (B) Densitometric
analysis of western blots as represented by panel A shows a similar
level of hTERT in primary MF splenic and normal CD341 cells.
MF: n 5 5; CB: n 5 3. P . .05, MF vs CB. (C) RT-PCR–based assay
for TA in primary splenic MF and normal CB CD341 cells. The higher
the Ct value indicates the lower the TA. MF: n 5 8; CB: n 5 3.
P . .05, MF vs CB. (D) Flow-FISH analysis of telomere length of
primary splenic MF and normal CB CD341, CD341CD382 and
CD341CD381 cells. The higher telomere fluorescence intensity, the
longer telomere. MF: n 5 7; CB: n 5 4. ***P 5 .001, **P , .01,
^P 5 .19. (E-F) RT-PCR–based assay for TA in splenic MF (E)and normal (F) CD341 cells following the treatment with MM or
Ime (7.5 mM) for 7 days. The treatment of MF splenic but not CB
CD341 cells with Ime resulted in a decrease in TA as com-
pared with the treatment with MM. MF and CB: n both 5 6.
MF: P , .05; CB: P 5 .87, MM vs Ime.
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Imetelstat induces apoptosis of MF but not normal
CD341 cells. We next evaluated the functional consequences of
telomerase inhibition in MF CD341 cells. As shown in Figure 6B-C,
imetelstat treatment did not induce apoptosis of CB CD341 cells.
By contrast, as shown in Figure 6E, 2 days after the treatment of
MF CD341 cells with the same dose of imetelstat, the percentage
of MF CD341 annexin V1 PI2 cells was significantly greater than
the percentage of cells treated with MM or cytokines alone
(P both,.01). The absolute number of CD341 annexin V1 PI2 cells
present in imetelstat containing cultures was 3.4 6 1.0- and 5 6
1.4-fold greater than in cultures treated with MM or cytokines alone,
respectively (Figure 6F).
Discussion
Small-molecule inhibitors of JAK1/2 are routinely used to treat MF
patients, resulting in dramatic improvement in systemic symptoms
and reduction in the degree of splenomegaly without significantly
affecting the JAK2V617 allele burden, BM histology, or reducing
the risk of transformation to acute myelogenous leukemia (AML).38,39
Several JAK 1/2 inhibitors have been reported to be capable of
inhibiting but not eliminating JAK2V617F1 HPCs.32,40 We have
also reported that JAK2 inhibitors only affect a subpopulation of MF
HPCs, while sparing MF HSCs.32 The inability of such agents to
affect malignant HSCs likely explains why the use of JAK1/2
inhibitors is associated with disease palliation.
Recently, clinical studies of imetelstat have demonstrated possible
disease-modifying activity in a subset of patients with MF.25
Using in vitro HPC assays and in vivo HSC assays, we have
examined the effects of imetelstat on primary MF HSCs/HPCs.
Treatment with imetelstat resulted in the depletion of MF myeloid
progenitors but also selectively affected the malignant SRCs
irrespective of their mutational status. By contrast, treatment of
normal CD341 cells with imetelstat in an identical fashion did
not lead to inhibition of normal hematopoiesis. These data
suggest that imetelstat might be capable of selectively depleting
malignant MF HSCs/HPCs and sparing the reservoir of normal
HSCs present in these MF spleens. Therefore, the clinical
beneficial effects of imetelstat observed in the published clinical
trials might be because of the differential sensitivity between MF and
normal HSCs/HPCs. A similar therapeutic window for imetelstat has
also been recently demonstrated by Bruedigam et al using AML
xenograft models in which robust efficacy of imetelstat against AML
cells was documented while normal myeloid and HSCs were largely
spared.19
Imetelstat treatments have resulted in clinical and molecular
responses in a subset of ET and MF patients.24,25 However, in these
2 clinical trials, it was noted that initial telomere length was not
predictive of clinical responses, and that significant changes were
not observed between baseline and posttreatment telomere length
among patients with MF who had a clinical response, suggesting
that telomere shortening was not the primary mechanism un-
derlying the beneficial effects of imetelstat. Moreover, both studies
documented clinically significant adverse effects associated with
imetelstat therapy including hepatotoxicity, myelosuppression, and
bleeding tendencies. Thrombocytopenia has been one of the major
dose-limiting toxicities associated with imetelstat administration.21,25,41
Many have suggested that imetelstat’s actions in MF and ET patients
were because of off-target effects.42 In order to more precisely
understand the drug’s mechanism of action, we performed in vitro
and in vivo assays with parallel treatments including imetelstat,
vehicle alone, and MM, which possesses the same lipid-conjugated
thiophosphoramidate chemistry as imetelstat but is unable to
hybridize to hTR. Such comparison treatments are not possible to
perform during clinical trials involving patients. We, however, did
observe that treatment with MM at a dose and schedule used
that did not inhibit normal human SRCs did reduce MF SRCs by
50% with CD341 cells from 2 of 3 different MF patients studied
(Figures 3 and 4). Using a patient-derived xenograft (PDX) model,
treatment with imetelstat led to greater depletion or elimination of MF
SRCs but not their normal counterparts (Figure 4B-C), and imetelstat
was capable of eliminating MF HSCs that were capable of repopulating
secondary hosts (Figure 4D-E). Notably, these observations in the MF
PDX model were made 3 months after the imetelstat treatment had
been discontinued. These data indicate that imetelstat had a
profound and sustained effect on MF HSCs. Furthermore, we
observed that imetelstat suppressed TA of MF CD341 cells and
induced greater degrees of their apoptosis. In addition, the telomere
length of MF stem and progenitor cells was shorter (23) as
compared with their normal counterparts, which might further
increase their sensitivity to imetelstat treatment. Taken together,
these results provide direct evidence that inhibitory actions of
imetelstat observed in vivo in MFHSCs/HPCs are attributable at least
in part to on-target effects.
Our in vitro and in vivo studies have also demonstrated that the
inhibitory effects of imetelstat on MF HSCs/HPCs occurred irrespec-
tive of the patient’s driver mutation. However, recent clinical studies
have indicated that responses occurred in 27% of MF patients with
a JAK2 mutation but not in patients that lacked this mutation.25 By
contrast, Baerlocher et al revealed that imetelstat therapy was
capable of reducing the driver mutation allele burden of ET patients
when these patients were treated in a clinical trial. Our findings
suggest that imetelstat was active in MF patients irrespective of the
driver mutational status (supplemental Figure 1; Figure 4B-C).
Clearly limited numbers of patients were evaluated in this study and
the clinical trials conducted by Tefferi et al and Baerlocher et al.
Larger numbers of patients with different driver mutations should be
studied to resolve this issue. The use of a PDX model to study the
effects of MF HSCs depleting agents appears to be a valuable
method with which to evaluate the effects of therapeutic agents
against MF and normal hematopoiesis.
Our in vivo studies demonstrated that reduced numbers of normal
hCD451CD41a1 mature megakaryocytes were observed in mice
transplanted with CB CD341 cells from 2 out of 3 pooled samples
transplanted 3 months after the discontinuation of imetelstat
treatment (30 mg/kg) (supplemental Figure 2), whereas normal
HSCs/HPCs were modestly affected (Figure 3B-C). Although the
inhibitory effect of imetelstat on MF megakaryogenesis was not
able to be evaluated because no hCD451CD41a1 cells were
generated in mice transplanted with splenic CD341 cells from
any of the 3 MF patients studied, our findings from the in vivo
studies with normal CD341 cells suggest that the high doses of
imetelstat might affect platelet biogenesis, which would eventu-
ally lead to thrombocytopenia in patients. These findings are
consistent with those previously reported by Iancu-Rubin et al.
Using a well-established system of ex vivo megakaryopoiesis, they
demonstrated that imetelestat treatment affected normal mega-
karyocyte development by exclusively delaying maturation of MK
precursor cells.43
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Figure 6. Imetelstat induces apoptosis of MF but not normal CD341 cells. (A,D) Representative FACS plots showing the percentage of CB (A) or MF (D) CD341 cells
that were undergoing apoptosis 2 days after the treatment with vehicle alone, MM, or Ime (7.5 mM). Both the percentage (B) and absolute number (C) of normal CB CD341
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MM (7.5 mM). *P , .05; **P , .01. MF and CB: n each 5 4.
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In conclusion, imetelstat is capable of selectively depleting
malignant HSCs/HPCs from patients with MF by inhibiting TA
and inducing apoptosis, which might account for the clinical
benefits reported in the phase 1/2 studies in MPN patients. What
is remarkable about our findings is the persistence of the
depletion of the MF HSCs for at least 3 months after therapy was
completed. A phase 2 trial of imetelstat therapy in MF patients
has been performed at multiple institutions, and the outcome of
this study is eagerly awaited. Clearly from our in vivo studies,
the intensity of the schedule of administration plays a major
determinant role in its efficacy and possible toxicity. Further
attention to the dose and schedule of administration of imetelstat
might be needed in order to translate the effects of depleting MF
HSCs that we have demonstrated to a clinical trial.
Acknowledgments
The authors thank theCenter for ComparativeMedicine andSurgery
of ISMMS for their help with mouse BM section preparation and
hematoxylin and eosin staining.
This work was supported by Geron Corporation and Janssen
Research & Development LLC. X.W. has received research funding
for this work from Geron Corporation and Janssen Research &
Development LLC.
Authorship
Contribution: X.W. designed the study, performed the experiments,
interpreted the data, and wrote the manuscript; C.S.H. performedmost
of the experiments and analyzed the data; B.P. interpreted histopa-
thology; J.Q. performedpart of the experiments; F.Y. and J.H. performed
JAK2 mutational analysis; K.E. and F.H. analyzed data and discussed
results; and R.H. interpreted the data and revised the manuscript.
Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.
Correspondence: Xiaoli Wang, Division of Hematology/Medical
Oncology, Department of Medicine, The Tisch Cancer Institute,
Myeloproliferative Neoplasms Research Consortium, Icahn School
of Medicine at Mount Sinai, 1 Gustave L. Levy Pl, Box 1079,
New York, NY 10029; e-mail: xiaoli.wang@mssm.edu.
References
1. Klampfl T, Gisslinger H, Harutyunyan AS, et al. Somatic mutations of calreticulin in myeloproliferative neoplasms. N Engl J Med. 2013;369(25):
2379-2390.
2. Nangalia J, Massie CE, Baxter EJ, et al. Somatic CALR mutations in myeloproliferative neoplasms with nonmutated JAK2. N Engl J Med. 2013;
369(25):2391-2405.
3. Tefferi A, Lasho TL, Finke CM, et al. CALR vs JAK2 vs MPL-mutated or triple-negative myelofibrosis: clinical, cytogenetic and molecular comparisons.
Leukemia. 2014;28(7):1472-1477.
4. Tefferi A. Myelofibrosis with myeloid metaplasia. N Engl J Med. 2000;342(17):1255-1265.
5. Greider CW, Blackburn EH. The telomere terminal transferase of Tetrahymena is a ribonucleoprotein enzyme with two kinds of primer specificity.
Cell. 1987;51(6):887-898.
6. Morin GB. The human telomere terminal transferase enzyme is a ribonucleoprotein that synthesizes TTAGGG repeats. Cell. 1989;59(3):521-529.
7. Greider CW, Blackburn EH. Identification of a specific telomere terminal transferase activity in Tetrahymena extracts. Cell. 1985;43(2, pt 1):405-413.
8. Kim NW, Piatyszek MA, Prowse KR, et al. Specific association of human telomerase activity with immortal cells and cancer. Science. 1994;266(5193):
2011-2015.
9. Mocellin S, Pooley KA, Nitti D. Telomerase and the search for the end of cancer. Trends Mol Med. 2013;19(2):125-133.
10. Ouellette MM, Wright WE, Shay JW. Targeting telomerase-expressing cancer cells. J Cell Mol Med. 2011;15(7):1433-1442.
11. Herbert BS, Gellert GC, Hochreiter A, et al. Lipid modification of GRN163, an N39 → P59 thio-phosphoramidate oligonucleotide, enhances the
potency of telomerase inhibition. Oncogene. 2005;24(33):5262-5268.
12. Marian CO, Cho SK, McEllin BM, et al. The telomerase antagonist, imetelstat, efficiently targets glioblastoma tumor-initiating cells leading to
decreased proliferation and tumor growth. Clin Cancer Res. 2010;16(1):154-163.
13. Shammas MA, Koley H, Bertheau RC, et al. Telomerase inhibitor GRN163L inhibits myeloma cell growth in vitro and in vivo. Leukemia. 2008;22(7):
1410-1418.
14. Shammas MA, Qazi A, Batchu RB, et al. Telomere maintenance in laser capture microdissection-purified Barrett’s adenocarcinoma cells and effect
of telomerase inhibition in vivo. Clin Cancer Res. 2008;14(15):4971-4980.
15. Hochreiter AE, Xiao H, Goldblatt EM, et al. Telomerase template antagonist GRN163L disrupts telomere maintenance, tumor growth, and metastasis of
breast cancer. Clin Cancer Res. 2006;12(10):3184-3192.
16. Dikmen ZG, Gellert GC, Jackson S, et al. In vivo inhibition of lung cancer by GRN163L: a novel human telomerase inhibitor. Cancer Res. 2005;65(17):
7866-7873.
17. Djojosubroto MW, Chin AC, Go N, et al. Telomerase antagonists GRN163 and GRN163L inhibit tumor growth and increase chemosensitivity of
human hepatoma. Hepatology. 2005;42(5):1127-1136.
18. Joseph I, Tressler R, Bassett E, et al. The telomerase inhibitor imetelstat depletes cancer stem cells in breast and pancreatic cancer cell lines.
Cancer Res. 2010;70(22):9494-9504.
19. Bruedigam C, Bagger FO, Heidel FH, et al. Telomerase inhibition effectively targets mouse and human AML stem cells and delays relapse following
chemotherapy. Cell Stem Cell. 2014;15(6):775-790.
25 SEPTEMBER 2018 x VOLUME 2, NUMBER 18 A TELOMERASE INHIBITOR DEPLETES MF STEM CELLS 2387
20. Kozloff M, Sledge GW, Benedetti FM, et al. Phase I study of imetelstat (GRN163L) in combination with paclitaxel (P) and bevacizumab (B) in
patients (pts) with locally recurrent or metastatic breast cancer (MBC). J Clin Oncol. 2010;28:(15, suppl):2598-2598.
21. Chiappori AA, Kolevska T, Spigel DR, et al. A randomized phase II study of the telomerase inhibitor imetelstat as maintenance therapy for advanced
non-small-cell lung cancer. Ann Oncol. 2015;26(2):354-362.
22. Ro¨th A, Harley CB, Baerlocher GM. Imetelstat (GRN163L) - telomerase-based cancer therapy. In: Martens UM, ed. Small Molecules in Oncology.
Recent Results in Cancer Research, vol 184. Berlin: Springer; 2010:221-234.
23. Huff CA, Wang Q, Badros AZ, et al. The telomerase inhibitor, imetelstat, rapidly reduces myeloma cancer stem cells (CSCs) in a phase II trial [abstract].
Blood. 2012;120(21). Abstract 4898.
24. Baerlocher GM, Oppliger Leibundgut E, Ottmann OG, et al. Telomerase inhibitor imetelstat in patients with essential thrombocythemia. N Engl J Med.
2015;373(10):920-928.
25. Tefferi A, Lasho TL, Begna KH, et al. A pilot study of the telomerase inhibitor imetelstat for myelofibrosis. N Engl J Med. 2015;373(10):908-919.
26. Barosi G, Rosti V, Massa M, et al. Spleen neoangiogenesis in patients with myelofibrosis with myeloid metaplasia. Br J Haematol. 2004;124(5):618-625.
27. Aruch D, Schwartz M, Mascarenhas J, Kremyanskaya M, Newsom C, Hoffman R. Continued role of splenectomy in the management of patients with
myelofibrosis. Clin Lymphoma Myeloma Leuk. 2016;16(9):e133-e137.
28. Thiele J, Pierre R, Imbert M, et al. Chronic idiopathic myelofibrosis. In:Jaffe ES, Harris NL, Stan N, Vardiman JW, eds. World Health Organization
Classification of Tumors of Hematopoietic and Lymphoid Tissues. Washington, DC: IARC Press; 2001:35-38.
29. Wu Z, Zhang Y, Zhang X, et al. A multiplex snapback primer system for the enrichment and detection of JAK2 V617F and MPL W515L/K mutations
in Philadelphia-negative myeloproliferative neoplasms. BioMed Res Int. 2014;2014:458457.
30. Wang X, Zhang W, Tripodi J, et al. Sequential treatment of CD341 cells from patients with primary myelofibrosis with chromatin-modifying agents
eliminate JAK2V617F-positive NOD/SCID marrow repopulating cells. Blood. 2010;116(26):5972-5982.
31. Nussenzveig RH, Swierczek SI, Jelinek J, et al. Polycythemia vera is not initiated by JAK2V617F mutation. Exp Hematol. 2007;35(1):32-38.
32. Wang X, Ye F, Tripodi J, et al. JAK2 inhibitors do not affect stem cells present in the spleens of patients with myelofibrosis. Blood. 2014;124(19):
2987-2995.
33. Li Z, Xu M, Xing S, et al. Erlotinib effectively inhibits JAK2V617F activity and polycythemia vera cell growth. J Biol Chem. 2007;282(6):3428-3432.
34. Ma I, Allan AL. The role of human aldehyde dehydrogenase in normal and cancer stem cells. Stem Cell Rev. 2011;7(2):292-306.
35. Pors K, Moreb JS. Aldehyde dehydrogenases in cancer: an opportunity for biomarker and drug development? Drug Discov Today. 2014;19(12):
1953-1963.
36. Alison MR, Guppy NJ, Lim SM, Nicholson LJ. Finding cancer stem cells: are aldehyde dehydrogenases fit for purpose? J Pathol. 2010;222(4):335-344.
37. Vasiliou V, Thompson DC, Smith C, Fujita M, Chen Y. Aldehyde dehydrogenases: from eye crystallins to metabolic disease and cancer stem cells.
Chem Biol Interact. 2013;202(1-3):2-10.
38. Harrison C, Kiladjian JJ, Al-Ali HK, et al. JAK inhibition with ruxolitinib versus best available therapy for myelofibrosis.N Engl J Med. 2012;366(9):787-798.
39. Verstovsek S, Mesa RA, Gotlib J, et al. A double-blind, placebo-controlled trial of ruxolitinib for myelofibrosis. N Engl J Med. 2012;366(9):799-807.
40. Manshouri T, Quinta´s-Cardama A, Nussenzveig RH, et al. The JAK kinase inhibitor CP-690,550 suppresses the growth of human polycythemia vera
cells carrying the JAK2V617F mutation. Cancer Sci. 2008;99(6):1265-1273.
41. Thompson PA, Drissi R, Muscal JA, et al. A phase I trial of imetelstat in children with refractory or recurrent solid tumors: a Children’s Oncology
Group Phase I Consortium Study (ADVL1112). Clin Cancer Res. 2013;19(23):6578-6584.
42. Armanios M, Greider CW. Treating myeloproliferation--on target or off? N Engl J Med. 2015;373(10):965-966.
43. Mosoyan G, Kraus T, Ye F, et al. Imetelstat, a telomerase inhibitor, differentially affects normal and malignant megakaryopoiesis. Leukemia. 2017;31(11):
2458-2467.
2388 WANG et al 25 SEPTEMBER 2018 x VOLUME 2, NUMBER 18
